The origin of present day introns is a subject of spirited debate. Any intron evolution theory must account for not only nuclear spliceosomal introns but also their antecedents. The evolution of group 11 introns is fundamental to this debate, since group 11 introns are the proposed progenitors of nuclear spliceosomal introns and are found in ancient genes from modern organisms. We have studied the evolution of chloroplast introns and twintrons (introns within introns) in the genus Euglena. Our hypothesis is that Euglena chloroplast introns arose late in the evolution of this lineage and that twintrons were formed by the insertion of one or more introns into existing introns. In the present study we find that 22 out of 26 introns surveyed in six different photosynthesis-related genes from the plastid DNA of Euglena gracilis are not present in one or more basally branching Euglena spp. These results are supportive of a late origin for Euglena chloroplast group 11 introns. The psbTgene in Euglena viridis, a basally branching Euglena species, contains a single intron in the identical position to a psbTtwintron from E.gracilis, a derived species. The E.viridis intron, when compared with 99 other Euglena group 11 introns, is most similar to the external intron of the E.gracilis psbT twintron. Based on these data, the addition of introns to the ancestral psbT intron in the common ancester of E.viridis and E.gracilis gave rise to the psbTtwintron in E.gracilis.
INTRODUCTION
Are introns ancient or are they evolutionarily recent introductions to genetic systems? What is the evolutionary history of introns? These questions have stimulated lively debate for 20 years. Two theories have predominated. According to the introns early view introns have existed since the origin of life and were selectively lost in bacterial genomes and to a lesser extent in eukaryotic genomes (1, 2) . The alternative introns late view is that ancient genes lacked introns and that contemporary introns were inserted into genes late in eukaryotic evolution (3) (4) (5) . Organellar group I and group II introns have received little attention in this debate GenBank accession nos U21 004-U21 01 0 (incl.) compared with nuclear spliceosomal introns. The timing of group II intron origin is fundamental to this debate, since group II introns are found in contemporary organisms within genes for ancient photosynthetic reaction center polypeptides. Evidence for photosynthetic organisms resembling modern cyanobacteria is present in 3.5 billion-year-old fossil deposits (6) . The positions of introns in chloroplast-encoded, photosynthesis-related genes has previously been cited in support of a 'limited universe of exons' in the prebiotic world (7) . Furthermore, group II introns have been proposed as the progenitors of nuclear spliceosomal introns (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Therefore, understanding the evolution of group II introns in organisms that exemplify the vast diversity of early eukaryotic evolution is central to the question of an early or late origin for all introns. By tracing the evolutionary history of chloroplast introns we can test some predictions of the introns early versus introns late hypotheses.
Since Euglena gracilis chloroplast DNA is the richest known source of introns, the genus Euglena is an ideal system for studying the evolution and proliferation of group II and group III introns. The 143 kbp E.gracilis plastid genome contains 155 group II and group III introns ( Fig. 1) , nearly 10 times the number in any other known plastid DNA. The group III introns appear to be streamlined versions of group II introns (19) , sharing a common evolutionary ancestor with a group II intron. The origin of group III introns from group II introns may parallel that of nuclear spliceosomal introns from a group II progenitor (20) . Among the E.gracilis introns are 15 twintrons and complex twintrons, which are introns within introns (19, (21) (22) (23) (24) (25) . Since all known internal introns disrupt a functional domain of the external intron, twintrons are spliced from inside out. Excision of internal introns occurs first. Copertino (25) proposed that the occurrence of twintrons is most consistent with the introns late view and that twintrons may have been formed by the insertion of one or more mobile introns into another intron.
We have exploited the unique structure of twintrons, the availability of cultures of different Euglena spp. and information on a large number of individual introns in Euglena to test the hypotheses that introns were added to intronless progenitors during the evolution of Euglena plastid DNA and that twintrons were formed by the insertion of one or more introns into an existing intron. The rationale is that genes from species of Euglena with ancestral forms of the plastid genome should resemble progenitors to those genes from derived forms. By tracing the evolutionary history of specific introns and twintrons through a portion of the Euglena plastid lineage we can infer whether introns are ancestral or derived characters. According to the introns early hypothesis progenitor genes should contain more introns than derived genes. In contrast, our hypothesis is that introns and twintrons are a derived trait and that twintron precursors (consisting of fewer internal introns or an external intron only) may occur in genes from basally branching Euglena spp. Two genes, rbcL and psbT, were chosen for detailed analysis. In E.gracilis rbcL is interrupted by nine group II introns (3) and psbT contains a complex twintron, with two group II introns internal to a third group II intron (20) .
MATERIALS AND METHODS

Euglna cultures
The following cultures of Euglenophycea were obtained from the culture collection of algae at the University (26) . rbcL clones were sequenced on both strands by the chain termination method described by Sanger et al. (27) using a series of synthetic oligonucleotide primers: C1, C2 (5'-CAACGTAAGCATCACGC-3'), C2A (5'-GGCATTGT-CCCACCCATACC-3%), C3 (5'-CITCIflCGCAAGTACCTGC-3'), C3A (5'-GCAlTTTAGATAATGTCC-3'), C4 (5'-GCGCAAATC-TTCTAAACG-3%), C4A (5'-CCAAAAAGTflTl GATATAA-GC-3'), P1, P2 (5'-Cl ITrlGAAGAAGGTTCGG-3'), P3 (5'-GCGTTGGAGAGATCGlTTC-3') and P4 (5'-CGTATGTC-TGGTGGTGATC-3').
The Euglena rbcL cDNA sequences have been submitted to the GenBank DNA sequnce databank. The following accession nos have been assigned: E.anabaena, U21004; E.geniculata, U21005; E.mutabilis, U21006; E.myxocylindracea, U21007; E.pisciformis, U21008; E.stellata, U21009; E.viridis, U21010. Sequences for Astasia longa (GenBank accession no. Xl16004) and Anacystis nidulans (GenBank accession no. JO 1536) were obtained from the GenBank nucleotide sequence database.
Phylogeny determination Phylogenetic trees were produced using the Phylogenetic Analysis Using Parsimony program (PAUP version 3.1.1; 28) and the distance matrix-based program NJ boot. Of the rbcL coding region 1296 nt were aligned using Pileup (29) . Of the 1296 nt aligned 357 were phylogenetically informative. Bootstrap analysis was based on 100 replicates using the branch and bound algorithm. Anacystis nidulans was used as an outgroup.
RESULTS
rbcL cDNA cloning and sequencing Synthetic oligonucleotide primers were used to synthesize cDNA copies of mature mRNA encoding ribulose bisphosphate carboxylase/oxygenase large subunit (rbcL) from seven different Euglena spp. and two additional Euglenophycea. cDNAs were amplified by PCR. The amplified cDNAs from E.anabaena, E.geniculata var. terricola, E.mutabilis, E.myxocylindracea, E.pisciformis var. typica, E.stellata and E.viridis extend from P1 to Cl (Fig. 3) . Two amplified cDNAs from Cryptoglena pigra extended from P1 to C4 and P4 to C 1. rbcL coding sequence from Eutreptia spp. was derived from an amplified cDNA extending from P1 to C4. Each amplified PCR product was cloned and sequenced on both strands.
The rbcL nucleotide and predicted amino acid sequences for all genera in this study are co-linear, completely alignable without insertions or deletions. The amino acid sequence is very highly conserved, ranging from 97 to 99% identical among the Euglena spp. The percent identical nucleotides between the Euglena species ranges from 80 to 99.8%. rbcL sequences from E.gracilis, E.geniculata and E.mutabilis are nearly identical, with at least 99.6% of the coding positions sharing identical nucleotides. rbcL sequences from these species are between 82.9 and 86.3% identical to the remaining Euglena spp. and -67% identical to A.nidulans rbcL. These relationships are consistent with the parsimony-based Euglena phylogeny described below.
Euglena phylogeny
To establish an evolutionary context for inferring the state (ancestral versus derived) of Euglena chloroplast introns a Euglena chloroplast phylogeny was produced. The phylogeny was based on 1296 nt of rbcL coding sequence. rbcL coding sequences were aligned using Pileup (29) . This produced by both methods. In the neighbor joining tree E.pisciformis and E.myxocylindracea are grouped and E.anabaena is the earliest branching species, followed by E.stellata, E.viridis and the E.myxocylindracea-E.pisciformis group. According to the parsimony-based tree the E.stellata branch is the most basal, followed by the branch containing E.viridis and E.anabaena and then the E.piscifonnis and E.myxocylindracea branches. Topological differences for E.piscifornis, E.myxocylindracea, E.stellata, E.anabaena and E. viridis do not affect the general conclusions on the evolution of introns.
A high degree of homoplasy in the data results in relatively weak bootstrap support for several nodes of the tree shown in Figure 2A . In order to support the overall structure of the phylogeny bootstrap analysis was performed on subsets of the genera (Fig. 2B-E) . Improved overall support, by bootstrap analysis, was achieved by removing E.pisciformis and E.myxocylindracea from the analysis (Fig. 2B) . Additional support for the basal positions of the E.stellata, E.anabaena and E.pisciformis branches and the intermediate position of the A.longa branch relative to the E.gracilis branch was achieved by the bootstrap analyses shown in Figure 2C -E.
Based on the phylogenies shown in Figure 2 , E.gracilis, E.geniculata and E.mutabilis are very closely related and represent rbcL intron content To investigate intron evolution introns of the rbcL gene were studied. Euglena gracilis has nine rbcL introns (3). The rbcL gene of A.longa (a closely related non-photosynthetic euglenoid) contains seven introns, corresponding exactly in location to introns 1, 2, 4, 5 and 7-9 of E.gracilis (30) .
The distribution of rbcL introns in seven species of Euglena was determined. The presence of introns was initially inferred based on the size of PCR-amplified gene segments. The completely sequenced E.gracilis genes served as (+) intron controls. Cloned cDNAs from each species served as (-) intron controls. A schematic diagram of the E.gracilis rbcL gene and the locations of oligonucleotide primers is shown in Figure 3 . Representative data from these experiments are also shown in Figure 3 . In E.gracilis the Pl/C4-amplified gene segment contains introns 1-4 and the P4/C 1-amplified gene segment contains introns 8 and 9. In E.myxocylindracae and E.viridis these amplified gene segments co-migrated with those derived from the cloned E.gracilis cDNA. Based on these data, rbcL introns 1-4, 8 and 9 are absent in E.myxocylindracae and E.viridis. This conclusion was confmed by sequencing across the sites of intron insertion. In E.stellata the P1/C4-amplified gene segment is intermediate in size between E.gracilis and E.myxocylindracae (31) . In E.gracilis the psbTgene contains a complex twintron consisting of two group II introns inserted into a third group II intron (20) .
A segment of the psbT gene from three different Euglena spp. was amplified by PCR. The amplified gene segments extending from P5 to C5 (Fig. 3) Comparison of intron secondary structures from E.viridis and Egracilis Since the single group II intron of E.viridis psbT is located in the identical position to the external group II intron of the E.gracilis psbTtwintron, the possibility that both of these introns may have evolved from a common ancestor was further explored by comparative secondary structure analysis. Figure 5 shows a comparison ofthe secondary structural models for thepsbTintron A from E.gracilis and the corresponding intron from E.viridis. The overall lengths of these introns are similar, with E.gracilis being 359 nt and E.viridis being 321 nt. All of the major secondary structural domains are conserved. The primary sequence of much of the core and the base of each stem, except for domain II, are nearly identical. The percent identities between the psbT intron domains from E.viridis and E.gracilis are shown in The most parsimonious explanation for the distribution of rbcL introns in the genus Euglena is that these introns were absent in the ancestral genes and were added during the evolution of this lineage (Fig. 4) . rbcL introns 1,2,4,5 and 7-9 were acquired after the divergence of A.longa or a closely related ancestor from the main Euglena line. Introns 3 and 6 of rbcL were subsequently acquired after divergence of the ancestor of the E.gracilis, E.mutabilis, E.geniculata clade from a common ancestor with A.longa. All of the basally branching species in our study lack this set of rbcL introns. Three additional events, giving rise to the three different rbcL introns in E.stellata and E.anabaena, most likely occurred after the divergence of these species from the main Euglena line. Based on this 'introns late' scenario, 12 intron gain events are required to account for this distribution of rbcL introns. The intron domains used for comparisons correspond to those illustrated in Figure 5 . In each comparison the E.viridis psbT intron or intron domain was compared with an E.gracilis intron or intron domain.
The alternative hypothesis is that the Euglena rbcL introns are primitive and were retained in only a few species. While possible, this view seems improbable, since more than 12 intron loss events would be necessary to give rise to the present distribution of rbcL introns in Euglena. Based on the rbcL gene phylogeny shown in Figure 2A and an introns early senario, 74 intron loss events would be required to account for the observed rbcL intron distribution. Since several branches in that tree are largely unsupported, an alternative phylogeny, postulating the fewest number of intron losses, is shown in Figure 6 . Here only 32 loss events (assuming introns early) must occur, compared with 12 gain events (assuming introns late).
Astasia longa shared a common photosynthetic ancestor with Eugkna
The position of A.longa within the Euglena rbcL (and ycfl3) phylogeny may offer new insight into the evolution of Astasia. The 73 kbp plastid genome of A.longa has been extensively characterized by Hachtel and colleagues (30, (32) (33) (34) (35) . The rRNA and ribosomal protein operons of the plastid genome of this colorless, non-photosynthetic protist are similar in organization to rRNA and ribosomal protein operons of E.gracilis, but the Astasia plastid genome appears to lack all photosynthesis-related genes except rbcL. Based on the phylogeny shown in Figure 2, A.longa could be re-classified within genus Euglena. Astasia and the Euglena spp. in this study appear to have shared a common, photosynthetic ancestor. A secondary loss of photosynthetic ability and photosynthesis-related genes has occurred specifically in the Astasia lineage. is slower than protein-encoding plastid genes. Domain V is the most slowly evolving domain, followed by domain VI. Domains V and VI are also essential for intron splicing (39, 40) .
Evolutionary rates similar to those found in the plant tRNAVal (UAC) intron are seen in the EuglenapsbTintron A (see Table 1 ).
The most stiking conservation (91% identical) is seen between the psbT intron A domains V from E.gracilis and E.viridis. As expected, this is substantially higher than the identity between any of the other domains. The average identity between the E.viridis psbT intron domain V and the domains V from 99 different E.gracilis group II introns is 56%. The exceptionally high degree of conservation between the psbT domains V from E.viridis and E.gracilis, as well as the strong similarity between their cores, is strongly supportive of these introns arising from a common ancestor. The overall conservation of secondary structure and the relatively high degree of conservation at the nucleotide level of the central core and domains V and VI and the closures of domains I and III (Fig. 5 ) between these homologous introns from E.viridis and E.gracilis lend credibility to secondary structure models that are consistent with the structures of group II introns from other organisms. Further comparative analysis is required to decipher conserved features in distal segments of intron domain I.
The late acquisition of chloroplast introns is not limited to genus Euglena
The introns late view is supported by an analysis of the distribution of chloroplast introns from divergent organisms (reviewed in 41). The genes from land plant and green algal chloroplasts and from cyanobacteria, three major lineages, contain highly variable numbers of introns. Only one group II intron has been found in cyanobacteria (42) . Two additional prokaryotic group II introns occur in Azotobacter vinelandii (42) and Escherichia coli (43) . The extreme variation in intron content among different chloroplast lineages is illustrated by Cyanophora paradoxa and E.gracilis. In the nearly complete sequence of the C.paradoxa cyanelle genome only a single intron has been found. In contrast, the E.gracilis chloroplast genome contains 155 introns (82 are group II) (44) . Only one chloroplast intron, a group I intron in the gene encoding tRNAIuu, is shared between the land plant, green algal and C.paradoxa lineages. This single intron is also present in cyanobacteria and was most likely present in the progenitor of all of these chloroplast lineages. The remaining chloroplast introns were most likely acquired after divergence of these lineages. Since protists are ancient eukaryotes, protist intron evolution may be highly relevant to our understanding of intron origins. In the present study we find that introns in six different photosynthesis-related genes appear to be a derived characteristic, absent from the same gene in one or more basally branching Euglena spp.
